The cyanobacterium Anabaena circinalis has the ability to co-produce geosmin and saxitoxins, compounds which can compromise the quality of drinking water. This study provides pertinent information in optimising water treatment practices for the removal of geosmin and saxitoxins.
INTRODUCTION
Cyanobacteria (blue-green algae) are problematic for water authorities as they have the ability to produce metabolites which can compromise the quality of potable water, in particular, metabolites which can cause aesthetic issues (e.g. compounds which impart tastes and odours) and those which can severely affect human health (e.g. cyanobacterial toxins). In Australia, one of the predominant and most troublesome species of cyanobacteria is Anabaena circinalis.
This cyanobacterium plagues drinking water sources and has the ability to simultaneously produce geosmin and saxitoxins.
Geosmin is a tertiary alcohol which imparts an earthy/ musty odour in drinking water; its presence in drinking water at levels greater than 10 ng l 21 often results in numerous complaints for water authorities. Although the presence of geosmin in treated water does not necessarily imply that the water is unsafe for consumption, it does indicate that there may be a problem with the treatment process.
The saxitoxins are a group of alkaloid neurotoxins which block nerve cell sodium channels and can cause death if consumed in sufficient quantity (Kao 1993) . These toxins exist as variants, of which there are approximately Figure 1 shows the general structure of the saxitoxins including some characteristics of the individual variants.
Although no guideline value exists for the saxitoxins, a provisional health alert value of 3.0 mg l 21 (as saxitoxins toxicity equivalents, or STX-eq) has been suggested by Fitzgerald et al. (1999) for the Australian Drinking Water
Guidelines (NHMRC 2004) . The term STX-eq is commonly used as this reveals the relative toxicity of the water studied by knowing the ratio of toxicity of each saxitoxin variant in relation to the most toxic variant STX (see Figure 1 for relative toxicity of each variant). Expressing the combined toxicity in this form is more relevant from a health perspective since each individual variant varies significantly in its concentration and toxicity level.
Substantial research has been conducted in optimising coagulation processes in conventional water treatment for the removal of cyanobacterial (and algal) cells (see review
by Mouchet & Bonné lye 1998) ; in particular, the addition of oxidants such as chlorine, ozone and potassium permanganate at the head of water treatment plants (WTPs) prior to coagulation has been shown to increase the removal of algae (Montiel & Welté 1988; Plummer & Edzwald 2002; Chen & Yeh 2005 . These oxidants alter the surface characteristics and charge of algae thus improving their removal during coagulation and flocculation. Although coagulants typically used in water treatment have minimal effect on the cell integrity of algae (Velzeboer et al. 1995; Chow et al. 1998 Chow et al. , 1999 , oxidants such as chlorine have been shown to cause damage to algal cells (Lam et al. 1995; Peterson et al. 1995; Petrusevski et al. 1996; Pietsch et al. 2002; Plummer & Edzwald 2002; Tung et al. 2004; Jurczak et al. 2005) . This is a concern as damage to the cells may result in the release of intracellular metabolites, including cyanotoxins, which are recalcitrant to conventional water treatment processes (Keijola et al. 1988; Himberg et al. 1989) . Other concerns regarding the addition of these oxidants include their ability to produce carcinogenic disinfection by-products (e.g. chlorine and ozone), and their ability to cause colour problems in the water (e.g. potassium permanganate).
In Australia, the addition of potassium permanganate at the head of WTPs is generally practised to oxidise soluble manganese, thereby minimising the impact of particulate manganese downstream in distribution systems.
However, studies have demonstrated that potassium permanganate can lyse algal cells (Petrusevski et al. 1996; Chen & Yeh 2005 with the dose of potassium permanganate resulting in cell damage shown to be species-dependent. Consequently, there exists a dilemma in applying potassium permanganate to achieve conflicting water quality goals. To date, minimal studies have assessed the effect of potassium permanganate on cyanobacterial species; in particular, no studies have evaluated the impact of potassium permanganate, at doses relevant to WTPs, on the release of intracellular geosmin and saxitoxins from A. circinalis.
In addition to intracellular geosmin and saxitoxins, there exists a portion of these metabolites which is extracellular, and it is this portion that is not removed by coagulation processes during conventional water treatment.
In many countries, one of the primary barriers for the removal of extracellular (or dissolved) cyanobacterial metabolites during water treatment is powdered activated carbon (PAC) adsorption. Many studies have evaluated the PAC adsorption of geosmin (Lalezary-Craig et al. 1988; Graham et al. 2000; Cook et al. 2001; Newcombe & Cook 2002) ; however, little has been published with respect to the PAC adsorption of the saxitoxins. Moreover, no studies have published work comparing the removal trends of both metabolites. This would be of an enormous value to the global water industry as both metabolites can be produced simultaneously by species of cyanobacteria, including
A. circinalis in Australia. More importantly, this information would assist plant operators to make informed decisions on the types and doses of PAC required to effectively remove both metabolites.
Another water treatment barrier that can be applied to remove extracellular cyanobacterial metabolites is oxidation by chlorine. Although chlorination is largely ineffective for geosmin oxidation (Lalezary et al. 1986; Anselme et al. 1988; Glaze et al. 1990) Characteristics of all waters are presented in Table 1 .
For PAC experiments, water samples were sterilised (autoclaved at 1218C for 15 min) and filtered through pre-rinsed 0.45 mm cellulose nitrate membrane filters (Schleicher and Schuell, Germany) to negate any biological effects.
Analyses
Samples for geosmin analyses were pre-concentrated using a solid phase microextraction syringe fibre (Supelco, Australia) and analysed on a 5890 Series II Gas Chromatograph For pre-oxidation experiments, the isolated geosminand saxitoxin-producing strain of A. circinalis was spiked into Myponga reservoir water at cell densities of 2,000 and 50,000 cells ml 21 . A pre-determined potassium permanganate concentration was dosed into the cell-spiked waters and aliquot samples quenched at various time intervals with sodium thiosulphate and subsequently analysed for geosmin and saxitoxin concentrations. These samples were divided in two sub-samples: the first sample was immediately filtered through a GFC filter (Whatman, UK) to remove cellular material, then analysed for extracellular * BET is the conventional and widely used term and method to measure surface area. BET stands for Brunauer, Emmett, and Teller, the three scientists who optimised the theory for measuring surface area using the Langmuir method. In addition, the BET method can also be used to determine other information such as gas uptake, micropore volume, and pore size distribution via adsorption and desorption isotherms (see Brunauer et al. 1938) .
geosmin and saxitoxins. The remaining sample was subjected to two cycles of microwave lysis (each of 45 s at 900 W using a Model N858E benchtop microwave (NEC, Australia)) before GFC filtration to analyse for total geosmin and saxitoxins (both the intracellular and extracellular components).
PAC adsorption experiments
Two commercially available PACs were employed in this study, PAC-P, a wood-based steam activated carbon, and PAC-A, a coal-based steam activated carbon. The PACs were dried in an oven at 1058C for 24 h, then cooled and stored in a desiccator prior to use. Table 1 
Chlorination experiments
A chlorine stock solution of 3 -5 g l 21 was prepared by bubbling gaseous chlorine in Milli-Q water for a predetermined time, then stored at 48C for at least 16 h prior to use.
All chlorination experiments were performed in precleaned 1 l glass amber bottles at room temperature (20^28C). For chlorine decay experiments, waters (at natural pH) were spiked with saxitoxins, then dosed with known concentrations of chlorine. Samples (100 ml) were taken at various time intervals for free chlorine residual determination using the DPD-FAS titration method described in Standard Methods (1998).
For saxitoxin decay experiments, waters (at natural pH)
were spiked with saxitoxins prior to chlorination. Chlorine was added from the chlorine stock solution to obtain the desired doses. Samples were quenched at various time intervals with sodium thiosulphate. In addition, waters were adjusted to pH 8 using a 0.1 M phosphate buffer, and chlorination experiments conducted as above to ascertain the effect of pH on the chlorination of saxitoxins. All samples were immediately filtered through pre-rinsed 0.45 mm cellulose nitrate filters (Schleicher and Schuell, Germany) then stored at 48C prior to saxitoxin analyses.
RESULTS AND DISCUSSION
Pre-oxidation using potassium permanganate These pre-oxidation experiments indicate that potassium permanganate can be dosed at the head of WTPs to achieve conflicting water quality goals; that is, not only to precipitate soluble manganese upstream of filtration, but also to enhance coagulation, without compromising the integrity of A. circinalis cells, based on the lack of intracellular release of geosmin and saxitoxins.
Therefore, it is possible that a large proportion of intracellular geosmin and saxitoxins can be removed through coagulation processes.
PAC adsorption of geosmin
PAC-A (coal-based) and PAC-P (wood-based) were eval- (see Table 1 However, the effect of NOM on the adsorption of geosmin in this study appears to be only minor suggesting that the carbons used had a wide range of pores which would offset the influence of NOM (Pelekani & Snoeyink 1999; Ebie et al. 2001; Li et al. 2003) .
PAC adsorption of saxitoxins
The adsorption experiments for the saxitoxins were con- These results suggest that lower competitive effects were evident and that this may be due to the wide range of pores of the carbons. Chlorination of saxitoxins The ease of oxidation of the variants followed the trend
Myponga reservoir water (results not shown
which is consistent with the trends documented by Nicholson et al. (2003) . The oxidation of the saxitoxins did not appear to be pH dependent, with minimal difference observed between pH 8 and ambient pH (Murray Bridge pH 7.5, Myponga pH 7.3). This is in contrast to the study by Nicholson et al. (2003) who observed greater saxitoxin oxidation with higher pH (pH range of 4 -9). The authors attributed this to the toxin molecule being present in an unprotonated form at higher pH, and therefore more susceptible to oxidation, even though chlorine is known to be a weaker oxidant under these conditions. The results in this current study indicate that the saxitoxins have greater susceptibility to chlorine in natural waters than has previously been reported. This is fortuitous from a water treatment standpoint since the pH of most waters prior to final disinfection is between 7 and 8. Furthermore, the CT value required for effective saxitoxin oxidation corresponds to conditions which can be achieved in most WTPs. were similar. The relative removal of STX-eq compared with geosmin was calculated to be 0.84^0.27, which implies that saxitoxin removal with PAC can be estimated to be approximately 60 to 100% of the removal of geosmin under the same conditions. Furthermore, the type of PAC was shown to be important for the adsorption of these metabolites with a coal-based carbon shown to be superior to a wood-based carbon in two different reservoir waters.
3. The saxitoxins have greater susceptibility to chlorine in natural waters than has previously been reported, with similar oxidation at ambient pH (7.3-7.5) and pH 8. 
